The quest for higher density information storage has led to the investigation of Single-Molecule Magnets (SMMs) as potential molecules to be applied in materials such as hard discs. In order for this to occur, one must first design metal complexes which can retain magnetic information at temperatures where these applications become possible. This can only be achieved through answering and understanding fundamental questions regarding the observed physical properties of SMMs. While mononuclear lanthanide complexes have shown promise in obtaining high energy barriers for the reversal of the magnetisation they are limited to Single-Ion Magnet behaviour intrinsic to one metal centre with a limited number of unpaired electrons. As a way of increasing the effective anisotropic barrier, systems with higher nuclearity have been sought to increase the spin ground state of the molecule. Dinuclear complexes are presented as key compounds in studying and understanding the nature of magnetic interactions between metal ions. This tutorial review will span a number of dinuclear 4f complexes which have been critical in our understanding of the way in which lanthanide centres in a complex interact magnetically. It will examine key bridging moieties from the more common oxygen-based groups to newly discovered radical-based bridges and draw conclusions regarding the most effective superexchange pathways allowing the most efficient intracomplex interactions.
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Key learning points
(1) Importance of lanthanides in magnetism. 
Setting the scene
Lanthanide ions are commonly employed in modern technologies as a result of their intrinsic optical 1 and magnetic properties. 1d,2 The latter properties mainly arise from the residing unpaired electrons in f orbitals. The f orbitals are core orbitals and thus interact poorly with those of the ligand. Compared to first row transition metals the ligand field effect is almost negligible yielding large unquenched orbital angular momentum in most 4f systems. As a result, significant magnetic anisotropy in these systems is observed 3 which can greatly influence the coercive fields of magnets. Magnets with large and small coercive fields are called hard and soft magnets, respectively. 4 Commercially employed hard permanent magnets, Single-Molecule Magnets belong to a new class of magnetic materials in which the magnet-like behaviour arises from the intrinsic large spin ground state (S) and uniaxial magnetic anisotropy (|D|). 10 The combination of non-negligible spin ground state (S) and uniaxial Ising-like anisotropy |D| (taking into account the Hamiltonian: H = DS z 2 ) gives rise to an energy relationship applies well to transition metal systems but fails to represent accurately the observed barriers in lanthanide complexes. For lanthanide-based SMMs more anisotropic terms are needed (in addition to D) for a correct representation of U. Each molecule is a single domain nanoscale magnetic particle. Ishikawa and Wernsdorfer et al. further demonstrated that the isolated molecules exhibit hysteresis loops by performing measurements at sub-kelvin temperatures on oriented single-crystals which were magnetically diluted in the yttrium analogue, further confirming the SMM nature of these mononuclear complexes. 13 There are several reviews that have already been published on SMMs which highlight strategies towards their synthesis and optimisation as well as understanding the exchange interactions between lanthanides.
14 However, in this tutorial review we will focus on the synthesis and magnetic properties of SMMs containing exclusively lanthanide metal centres as well as exhibiting a dinuclear structure. Dinuclear lanthanide complexes represent the simplest molecular units which allow the study of magnetic interactions between two spin carriers.
By investigating such systems one could expect to understand the nature and strength of interactions between lanthanide ions as well as possible alignment of spin vectors and anisotropy axes. These factors can be influenced by the molecular symmetry, the coordination environment and/or the bridging ligands which act as superexchange pathways. It has been commonly believed that lanthanide ions are hardly affected by the coordination/bridging ligands as the 4f orbitals are shielded to any ligand field influence by filled 5s and 5p orbitals. 14 However, recent developments in lanthanide chemistry show that even small ligand changes can drastically influence the overall physical properties of the molecule. 15 If a dinuclear SMM can be designed and isolated in a controllable manner, we could potentially build larger molecules using a bottom up molecular approach and create SMMs with significantly higher blocking temperatures.
With this in mind, we have performed a thorough analysis of dinuclear lanthanide complexes with the hopes of shedding some light on the coupling mechanisms, slow magnetic relaxation as well as quantum tunnelling effects. These highlighted results provide several approaches to consider when designing new lanthanide SMMs in the future.
Dinuclear lanthanide SMMs
Dinuclear lanthanide SMMs are important model systems which can be used to answer fundamental questions regarding single-ion relaxation versus slow relaxation arising from the molecule as an entity. SIMs have been published widely as mononuclear complexes as well as polynuclear complexes where the metal centres are significantly separated in the structure. 7e,12,14b,16 As an example, we have recently reported a tuneable helicate and mesocate system where the lanthanide metal centres behave as SIMs due to the large intramolecular distance between the metal ions. 16a Systematic variations in the ligand spacer were performed in order to study their influence on the molecular architecture as well as on the orientation of anisotropic axes on lanthanide centres. The aforementioned variations consist of the addition of rigid phenyl rings and/or methylene group in order to modulate the flexibility of the ligand and its ability to promote helical vs. meso-helical (mesocate) structures. These rare quadruple-stranded complexes (Fig. 1, left) exhibit chiral helical (with DD symmetry) as well as achiral mesohelical structures (with DL symmetry) depending on the ligand employed. By controlling the orientations of the magnetic axes on the lanthanide ions as a result of controlling the complex architecture one can anticipate promoting higher energy barriers for the reversal of the magnetisation by increasing D. The magnetic properties were investigated revealing field-induced SMM behaviour for all three complexes as seen in the out-ofphase magnetic susceptibility, w 00 vs. T, plots (Fig. 1, right) .
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Predictably, helicate 1 (Fig. 1, top) exhibits two relaxation modes as evident from the two frequency-dependent peaks in the w 00 vs. T plot. The different modes correspond to the slow magnetic relaxation of two crystallographically independent Dy III ions. Interestingly, helicate 2 exhibits one relaxation mode with a broad peak at high frequency indicating a merging of two peaks. The mesocate (Fig. 1, bottom) , on the other hand, exhibits only one clear relaxation process. This drastic difference in magnetic properties is attributed to the slight changes in bond distances and angles in the coordination sphere of the metal centres. In turn, the coordination sphere is dependent on the coordinating ligand which impacts significantly the orientation of anisotropic axes. While this system provides insight into the effect of slight changes in the coordination sphere of the lanthanide ions on the magnetic properties, synthesising larger anisotropic barrier nano-magnets requires coupling of the metal centres. This can be achieved by minimising the distance separating the metal ions as well as providing efficient superexchange pathways to facilitate magnetic interactions. Over the past few years, research into dinuclear systems has not only resulted in complexes with extremely high energy barriers for the reversal of the magnetisation (vide infra) but has also guided the way to understanding, in addition to reporting, unique magnetic behaviours.
Probing f-f orbital interactions in dinuclear lanthanide SMMs
Although many lanthanide SMMs are known in the literature, little attention has been directed towards understanding the origin of slow relaxation mechanism(s) for 4f polynuclear SMMs.
17 This is mainly due to the dominance of single-ion SMM-like behaviour which renders the elucidation of exchange coupling between spin carriers very difficult. In order to observe and study interactions between 4f ions, a model system is required which provides the simplest number of possible interaction modes. Ishikawa and co-workers were successful in adding another layer or deck to the infamous mononuclear lanthanide phthalocyanine complexes. 18, 19 These triple-decker lanthanide complexes (Fig. 2 , top) were synthesised using a wide range of lanthanide ions yielding homodinuclear as well as heterodinuclear compounds. This model system was employed in the study of the magnetic properties of dinuclear 4f complexes which arise from both the ligand field effects as well as magnetic interactions between 4f ions. However, in order to study the magnetic interactions involved the ligand field parameters must be known and herein lies the problem. If the ligand terms alone are to be investigated, two things must be met: (1) only one paramagnetic ion in the complex must be present and (2) sharp emission and/or absorption bands for the compound must be available. While the former can be solved relatively easily, the latter has proven to be significantly more challenging. By employing a building block approach, a heterodinuclear complex can be synthesised using an Y III ion at one site and a Ln III ion at the other site (the two sites are indicated in Fig. 2 , top). By varying slightly the phthalocyanine (Pc) derivatives used as ligands (using Pc for one block and Pc* for the other where Pc = dianion of phthalocyanine and Pc* = dianion of 2,3,9,10,16,17,23,24-octabutoxyphthalocyanine) the authors were able to favour the formation of an unsymmetrical complex with a formula of either PcYPcLnPc* or PcLnPcYPc* where only one paramagnetic ion is present. As for obtaining the ligand field parameters, it was impossible to adopt the same strategies that were previously employed since, for this system, no fluorescence data or absorption spectra could be obtained. This is a direct result of the Pc-centred energy levels which were at a low enough energy to quench any fluorescence of the lanthanide ions. Additionally, the intense absorption bands of the ligand played a role in masking those of the metal ions. Therefore, a new strategy was adopted to determine the ligand field parameters that involved using experimental data such as 1 H NMR paramagnetic shifts as well magnetic susceptibility measurements. For a detailed account of this method, the readers are directed to ref. 19 .
With these parameters in hand, the f-electronic structure was then determined for the 19 The magnetic properties of these lanthanide ions arise from the relative ordering of the 2J + 1 substates as well as the difference in energy between the lowest substates and those above them. While the f-electronic structure was obtained using {LnY} compounds, it can be extended to homodinuclear {Ln 2 } complexes to study the f-f orbital interactions as was reported by Ishikawa and co-workers. 20 Initially, the 1 H NMR paramagnetic shifts in the homodinuclear lanthanide complexes were shown to arise directly from the sum of the shifts in heterodinuclear complexes {LnY} and {YLn} indicating relatively small interactions between the metal ions. 21 In order to determine the net contribution of these interactions to the magnetic susceptibility, the authors compared the temperature dependence of the magnetic susceptibility plots of both the homo-and heterodinuclear complexes. It is noteworthy that a large number of groups over the years have been able to detect and quantify magnetic interactions between two or more Gd III ions in a complex due to their isotropic nature. 22 Gd III has a half-filled 4f-shell with seven electrons and no orbital angular momentum. This results in an effective magnetic dipole moment that is independent of the temperature and hence, a straight horizontal line is observed in the temperature dependence of the magnetic susceptibility plot. Additionally, the calculated f-f orbital interactions in these Gd III n systems would then be extended to other lanthanide analogues. However, this approach can be seen as flawed due to the temperature dependence of the effective magnetic dipole moment of other lanthanide ions which have significant splitting of the ground-state multiplets. 19 When only the f-f orbital interactions were analysed for this system, it was discovered that some lanthanide ions (Dy   III   , Tb  III and Ho  III ) exhibit ferromagnetic interactions while the dinuclear Er III complex exhibits antiferromagnetic interactions. Furthermore, the Tm III complex displayed unusual behaviour while the interactions in {Yb 2 } were negligible. 18, 19 In order to explain these observations a simplified model with an ''ensembleaveraged approximation'' of the magnetic susceptibility tensor was employed where the external field inducing a magnetic dipole on one metal ion in this dinuclear complex creates a magnetic field on the second metal ion. 18 Next, the ensembleaveraged magnetic susceptibility tensors were compared for the {LnY}, {YLn} (non-interacting systems) and {LnLn} (interacting system). The reason for the disagreement between behaviours of different lanthanide ions in the wT vs. T plots lies in the shape of the closed surfaces that represent the anisotropic magnetic susceptibility tensors (Fig. 2, bottom) . The nature of the magnetic interaction between metal centres is dipolar and a direct result of the elongation of these closed surfaces either in the z direction or horizontally in the xy direction. lower than in the x or y direction resulting in a negative Dw m upon interaction. For Tm III , a similar situation is observed with the decreased susceptibility values resulting from decreased w values in the x and y direction. Finally, for Yb III the closed surfaces are more spherical in shape indicating magnetic susceptibilities that are nearly isotropic in nature and a Dw m of 0. The series of studies performed in order to probe the electronic structure of 4f ions as well as to understand f-f orbital coupling provides a tool for designing SMMs with higher energy barriers.
We have also investigated the use of doping to elucidate f-f magnetic interactions in a dinuclear {Dy 2 } SMM, [Dy 2 (valdien) 2 -(NO 3 ) 2 ] (described below, structurally and magnetically). 7b,23 While the triple decker complex described earlier is an interesting model, the presence of two non-identical sites for the metal centres complicates the magnetic properties. In our complex, [Dy 2 (valdien) 2 (NO 3 ) 2 ], there is only one crystallographically independent metal ion leading to the simplification of the origin of observed magnetic behaviour. In addition, the mixed metal species, {DyY} and {YDy}, are identical which greatly simplifies the synthetic procedure for obtaining these complexes as well. Our method involved the doping of a diamagnetic {Y 2 } matrix with varying percentages of Dy III ions in order to gain insight into the slow magnetisation relaxation of the Dy metal centres in the complex. The goal of this study was to determine if the SMM behaviour observed was purely single-ion in origin or if it was due to a magnetically coupled system. This was achieved through micro-SQUID measurements which allowed the study of quantum tunnelling phenomena occurring in this molecule. Additionally, a thorough analysis of the quantum tunnelling of the magnetisation (QTM) in the out-of-phase magnetic susceptibility measurements was reported. The preparations of the studied samples involved the same synthetic procedure as the pure {Dy 2 } compound with the exception of the metal source. In the doped samples, a mixture of Y(NO 3 ) 3 6H 2 O and Dy(NO 3 ) 3 6H 2 O were added in ratios of 95 : 5, 90 : 10 and 50 : 50 yielding samples of 5% Dy, 10% Dy and 50% Dy, respectively, which was confirmed by Inductively Coupled Plasma (ICP) measurements. The predicted species present in the solution are {Y 2 }, {DyY} and {Dy 2 } ( Fig. 3a) with only two of these resulting in potential SMM behaviour. Any observed slow relaxation of the magnetisation and QTM can only arise from the mixed metal species {DyY} and {Dy 2 }; the latter being extensively studied already. 7b Since the complex is centrosymmetric, the {DyY} and {YDy} species are identical and will exhibit the same relaxation behaviour. In the out-of-phase magnetic susceptibility, w 00 vs. T, plot comparing all four samples (5, 10, 50 and 100% Dy) there is a clear tail of a peak at temperatures below 5 K in addition to the frequency-dependent peaks indicating SMM behaviour around 10-15 K. By applying various dc fields as well as the optimum field for each sample the characteristic QTM was shortcut. It was evident that the tail is a result of tunnelling between degenerate M J states rather than a second relaxation process as commonly believed. Furthermore, in the purely {Dy 2 } sample the presence of quantum tunnelling steps in the normalised magnetisation vs. applied field plots can now be directly correlated with the tail observed in the w 00 vs. T plots (Fig. 3b) . The characteristic steps for {Dy 2 } are found at AE0.3 T with no quantum tunnelling observed at zero field. Alternatively, for the remaining samples (5, 10 and 50% Dy) an additional step appears in the absence of an applied field along with the two steps at AE0.3 T. This additional step is clearly attributed to the {DyY} species which exhibits ground state tunnelling at zero applied field. Moreover, the intensity of steps can be correlated to the relative amounts of each species in the sample being studied. As more {Dy 2 } species are present due to an increased percentage of Dy, the intensity of the steps at AE0.3 T increases. The absence of the step at zero field in the pure {Dy 2 } complex clearly indicated an exchange biased system where the magnetisation relaxation is due to a coupled (albeit weakly coupled) system. This magnetic coupling serves to eliminate the ground state QTM shifting it to higher fields thereby allowing the complex to behave as a nano-magnet. The exchange biased interaction occurs intramolecularly for this system as opposed to the more common intermolecular exchange biased systems seen in other SMMs .
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Promoting magnetic coupling
Determining the origins of slow magnetic relaxation as well as the nature of f-f orbital interactions led to the investigation of (Fig. 4) . 7a The rigid hmi 2À ligand provides ideal coordination environment for Dy III ions as well as organises the molecular clusters into 2-D sheets. The Dy III ions are bridged by two m-phenoxide moieties from two ligands creating magnetic superexchange pathways. The magnetic behaviour of these complexes is rather unusual; the Dy III centres exhibit dominant ferromagnetic coupling which had never been previously reported for a Dy-based SMM at that time. The ferromagnetic coupling was only observed in the wT vs. T plot at low temperature (below 23 K) due to thermal population of the excited states at higher temperatures which mask the exchange interactions between Dy III centres. The reported effective energy barriers of the dinuclear cluster and the 2-D sheet were some of the highest for lanthanide SMMs with U eff = 56 and 71 K, respectively, and pre-exponential factors (Arrhenius law) of t 0 = 3 Â 10 À7 and 7 Â 10 À8 s, respectively.
Additionally, by applying an optimum dc field when performing the ac measurements, the QTM was minimised revealing a dominant thermally activated regime that corresponds to the zero-field measurements. This confirms the calculated energy barriers which are unaffected by QTM. It is relatively common for lanthanide ions to exhibit ground state tunnelling of the spins according to the spin-parity effect which predicts low QTM for lanthanide ions with half-integer spins such as Dy III (S = 5/2) but large QTM for integer spin (Fig. 5a ) was shown to exhibit SMM behaviour and is discussed in detail hereafter. It consists of two Dy III ions bridged by two phenoxide-oxygen atoms with a Dy III -Dy III distance of 3.77 Å. The ligand employed in the synthesis of this complex is the Schiff-base ligand, N1,N3-bis(3-methoxysalicylidene) diethylenetriamine (H 2 valdien), which provides two bridging phenoxide-O atoms acting as superexchange pathways between the Dy III metal centres inducing weak antiferromagnetic interactions. The magnetic properties of this complex were studied thoroughly and an antiferromagnetic interaction was observed between the two metal ions as evident from the ab initio calculations as well as from the wT vs. T curve of the {Gd 2 } analogue. 7a The absence of spin-orbit coupling at the first order in Gd III complexes allows the direct correlation of the curve shape with the nature of the exchange interaction. Therefore, since the wT product for {Gd 2 } decreases with decreasing temperatures, the metal centres interact in an antiferromagnetic fashion. Moreover, by applying the van Vleck equation to Kambe's vector coupling scheme, the interaction can be quantified and was calculated to be J Gd-Gd = À0.178(1) cm À1 with g = 2.00 (0) which is rather weak as expected for lanthanide complexes. For all other analogous complexes exhibiting similar behaviour, ab initio calculations were performed confirming the antiferromagnetic interactions seen in the wT vs. T plot. The coupling constants were quantified to be in the same range as the Similarly, we also reported an unsymmetrical {Dy 2 } complex which exhibits a similar O-bridging motif. 27 The coordination environment of each metal ion is quite different resulting in different coordination numbers and geometries (Fig. 5b, for the low and high temperature domains, respectively (Fig. 5b, right) . Other interesting O-based bridging moieties include oxalate ligands which have been shown to promote weak ferromagnetic interactions at low temperature between lanthanide ions to yield SMM behaviour. 28 Additionally, a recent report of a complex with antiferromagnetically coupled carbonato-bridged lanthanide ions is also noteworthy as it exhibits field-induced SMM behaviour with U eff = 55 K. 29 As a step further, it would be useful to investigate the role of different ligands in promoting ferro-or antiferromagnetic interactions; whether the interaction is exchange or dipole-dipole in nature. Complexes with O-based bridges have been quite dominant in SMM chemistry due to the fact that O-based ligand systems can be easily designed are readily available and can bridge between two or more metal centres providing superexchange pathways. However, other bridging groups are gaining popularity in the field and have led to interesting magnetic properties and relatively high anisotropic energy barriers. SMMs with nitrogen-based, sulphur-based and chloride bridges. While O-bridging has resulted in key dinuclear lanthanide complexes that exhibit high energy barriers, the magnetic interactions are relatively weak leading researchers to investigate other bridging molecules. Most notably, the Layfield group has performed a thorough study of different bridging atoms such as N, S and Cl and their effects on the strength of the magnetic interaction in {Dy 2 } organometallic cyclopentadienyl (Cp) complexes. These key studies will be discussed in detail below. By elucidating the electronic structures of two different N-bridged complexes, Layfield and co-workers were able to rationalise the fact that one complex exhibits SMM behaviour while the other does not. 30 The main difference between the two complexes involves the bridging groups where one is N amido -bridged while the other is benzotriazolide-bridged ( Fig. 6a and b, respectively) . This has significant implications on the exchange pathway between the metal ions leading one to exhibit slow magnetisation relaxation while the other does not. By examining the electronic distribution and bonding interactions between the Dy III ions and the bridging atom(s), it is evident that the N amido -bridge (Fig. 6a ) allows for more (albeit weak) metal-metal interactions. Alternatively, the benzotriazolidebridged complex (Fig. 6b) involves strong bonding interactions between the Dy III centre and the N atoms on the periphery of the triazolide moiety while relatively weak interactions between Dy III and the central N atom are observed. This is a direct result of the HOMO in the ligand which indicates a node on the central N atom bisecting the bridging molecule and effectively blocking any communication between orbitals of the two halves. Since no communication occurs between the Dy centres, the complex behaves as a Single-Ion Magnet. As reported by the authors, the magnetic interactions between the metal ions in the N amidobridged complex are strong enough (although not enough to study the interaction through magnetic susceptibility measurements) to provide a relaxation mechanism for the magnetisation such that no SMM behaviour is observed. However, other factors cannot be neglected such as crystal field effects, dipole-dipole interactions as well as orientations of anisotropy axes. Moreover, fitting of the dc magnetic data would yield coupling constants between the metal centres which could provide further evidence regarding the interactions. Exploring other types of bridges by the same research group led to the investigation of Cl-bridged dinuclear lanthanide compounds, one of which crystallises as two polymorphs ( Fig. 6c and d) . 31 By exploring chloride as a bridge the implications of using an atom with more diffuse orbitals can be studied. It has been postulated that more diffuse orbitals can lead to increased orbital overlap and thus yield stronger interactions between the metal ions. 32 This efficient superexchange pathway can result in SMMs with higher energy barriers for the reversal of the magnetisation. The complex which crystallises as two polymorphs, a molecular complex (Fig. 6c ) as well as a polymeric chain of Cl-bridged Dy(Cp) 2 units (Fig. 6d) , exhibits two relaxation processes as predicted (the two polymorphs have distinct relaxation modes). The energy barriers were calculated to be approximately U eff = 40 K and 98 K, respectively, which are comparable to other lanthanide complexes mentioned in this review. By performing a Soxhlet extraction on this complex in THF followed by slow cooling of the reaction, crystals of another Cl-bridged complex were obtained where one THF molecule was coordinated to each Dy III centre along with two Cp À ligands (Fig. 6e) . This compound also exhibits slow magnetisation relaxation which has not been affected by QTM at zero-field. Micro-SQUID measurements indicate the presence of hysteresis loops at zero-field with no quantum tunnelling steps observed. As the applied field is increased, steps in the hysteresis loops begin to appear. This is indicative of exchangebiased interactions between the metal centres lifting the quantum tunnelling in the absence of an applied field. This behaviour was also verified using out-of-phase susceptibility w 00 vs. T and n plots at different applied fields. The observed energy barrier was approximately 49 K.
In keeping with the theme of bridging atoms with more diffuse orbitals, sulphur bridges were then examined. 33 By employing soft donors such as S, not only would the magnetic interaction between the metal centres be improved but the crystal field effects, to which the slow relaxation is very sensitive, would be very different compared to harder N-or O-donors. This strategy proved successful in yielding an SMM with one of the highest anisotropic energy barriers for a dinuclear lanthanide complex. 33 The sulphur-bridged com- (Fig. 6f) , were studied for their SMM properties (in the case of Dy III ) and for quantifying the magnetic interaction between the centres (in the case of isotropic Gd III ).
For the {Dy 2 } complex, the magnetic interaction parameter, J, is a sum of the dipole-dipole interaction as well as the exchange interaction between the metal ions. The interaction J dipole can be calculated since the ground state g matrix on the Dy centres is known while the J exchange can be calculated by fitting the experimental susceptibility data. The dipolar interaction is found to be antiferromagnetic in nature which corresponds to the anisotropic axes of the Dy ions being perpendicular to the intramolecular Dy-Dy axis. Cl-bridged compounds, respectively). The influence of the valence orbitals of sulphur come into play when looking at this parameter. Since the orbitals are more diffuse in S than in Cl, they allow for greater orbital overlap and hence stronger exchange interactions are observed. Calculating the transverse g values of the ground Kramer doublets using ab initio calculations indicated a more significant QTM process occurring in the Cl-bridged compound as the g x and g y were an order of magnitude larger than those of the S-bridged complex. Consequently this leads to higher anisotropic energy barriers and better SMMs as can be seen in the S-bridged dinuclear compound with a barrier for the reversal of the magnetisation of approximately U eff = 190 K. SMMs with arene bridges. The appeal of arene complexes arises from the fact that they have stronger crystal field effects due to greater penetration of the electronic cloud around the lanthanide ions thereby accessing the 4f shell. 34 Using arene molecules as bridging groups has been demonstrated first using uranium as a metal source. 35 The diuranium, arene-bridged complex was reported by Liddle and co-workers to be the first of its kind to display SMM behaviour 35 and was used as a proof-of-principle for synthesising lanthanide analogue complexes. Our group has been previously successful in synthesising as well as fully studying mononuclear lanthanide sandwich complexes using the ligand 1,4-bis(trimethylsilyl)cyclooctatetraenyl (COT 00 )
in its dianion form. 34a These complexes were shown to exhibit Additionally, a direct bond on the order of 0.04 was found to exist between Dy and Dy which is significant (although weak). The magnetic properties of the dinuclear complex are rather complicated and reveal multiple overlapping relaxation modes with an array of energy barriers.
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SMMs with radical bridges. One of the first dinuclear lanthanide complexes, an analogue of which was later shown to behave as an SMM, was reported by Gatteschi and co-workers in 1992. 37 The mononuclear asymmetric unit consists of a Gd III ion bound to two nitronyl nitroxide radicals through the pyridine N of one molecule as well as an O from the NO group of another molecule. The coordination sphere is completed by three hexafluoroacetylacetonate (hfac) ligands resulting in an eight-coordinate Gd III centre. The dimerisation of these units yields a dinuclear lanthanide compound with ferromagnetically interacting metal centres below 50 K. The Dy III analogue, further investigated by Sessoli and co-workers, 38 proved to be an SMM under an applied dc field. The significant QTM was shown to result in a much lower barrier for the reversal of the magnetisation than that calculated under an applied field. It is quite remarkable that, for the first time, the tunnelling frequency for this compound was calculated to be 14 kHz which is responsible for the absence of a magnetic hysteresis loop at low temperature. In order to suppress or minimise the observed QTM it is necessary to lift the degeneracy of the states that are in resonance thereby preventing the spins from tunnelling through the barrier. This can be achieved by applying a dc field, in this case 2 kOe, which revealed an effective energy barrier (U eff ) of approximately 13 K. While the barrier is relatively low, this study took an in-depth look at the mechanisms involved in both thermal and quantum relaxation regimes leading to the SMM behaviour. While the exchange interaction between the two metal centres in this dinuclear complex was calculated using the isotropic Gd III analogue, it was further confirmed using the {Dy 2 } complex through doping studies and ac magnetic measurements, the methods which were discussed at length in the preceding section. 18, 23 Lanthanide SMMs have achieved celebrity status after the recent discovery of radical-bridged dinuclear lanthanide complexes which exhibit the highest blocking temperatures to date. . In order to confirm the necessity of the radical bridge in creating a highly effective magnetic exchange pathway, the N 2 2À non-radical compound was studied as well. The magnetic properties of this compound were drastically different, with only very weak antiferromagnetic coupling that is 50 times lower in magnitude than the radical-bridged counterpart. This difference was also seen in the ac magnetic susceptibility data of the Dy III analogue where the radical-bridged complex showed behaviour that is dominated by the interactions between the ions in the complex while the non-radical bridged complex exhibited mainly behaviour characteristic of single-ion relaxation with little or no interactions seen between the 4f ions. The coupled Ln-radical system can be viewed as a giant spin with the entire complex acting as a unit to give extremely high energy barriers for the reversal of the magnetisation and the highest blocking temperatures observed to date. This is an important example which strongly supports the idea that coupling 4f lanthanide centres can be achieved resulting in SMMs with higher spin reversal barriers. Another system which supports this strategy involves a dinuclear Dy III complex bridged by radical anion bipyrimidine yielding an effective anisotropic barrier of 123 K and a blocking temperature of 7 K at a sweep rate of 0.002 T s
À1
. Although more research is needed to complement and further these results, it has been clearly demonstrated that understanding the magnetic interactions of a system will provide new pathways for creating molecules with significant energy barriers.
Conclusions
Dinuclear systems involving only lanthanide metal centres have been crucial in our current understanding of magnetisation relaxation characteristic of lanthanide SMMs. As opposed to mononuclear compounds, dinuclear complexes provide ideal models to map magnetic interactions which are highly sought after when designing large anisotropic barrier molecules. When significant interactions are present, larger spin values as well as larger anisotropy can be expected yielding higher spin reversal barriers. In this tutorial review, comparisons were drawn between different bridging groups including O-, N-, Cl-, S-, arene-, and radical-based ligands. Of these, S-and radical-based bridges have provided the most promising results in promoting magnetic interactions between lanthanide centres which have been quite elusive due to the core nature of the 4f orbitals. The highest blocking temperature to date of 14 K was observed in a dinitrogen radical-bridged {Tb 2 } complex where interactions between the lanthanide metal centre and the radical were the highest reported for a 4f system. By examining these systems, it can be anticipated that a disulphide radical-bridged complex would yield an even higher energy barrier due to increased diffusivity of the orbitals in addition to strong metal-radical bonding.
While dinuclear models can be probed for the most effective superexchange pathways to give the strongest intracomplex interactions, the future of the field could well reside in multinuclear complexes. The interactions between a number of metal centres can provide larger spin ground states while aligning anisotropy axes can provide higher D values. It is noteworthy that not only must the spin ground state be large; it must also be wellisolated from the excited states in the electronic structure which greatly depends on the ligand employed. In understanding the magnetic properties of dinuclear units, one can envision an approach which builds on these complexes by either extending the nuclearity of the system or improving the bridging ligand communications thereby moving closer towards potential applications such as high density storage materials.
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